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INTRODUCTION
This report extends previous experimental and numerical modeling efforts"1, 2 that addressed the bending behavior of uncoated, plain-woven fabric air beams. The prior efforts showed that the elastic and shear moduli were independent of the elastic modulus of the yarns but were dependent upon inflation pressure, fabric construction, and crimp interchange. 2 The models also treated the stiffening influence of inflation pressure on only the constitutive properties of the fabric. Changes in pressure and volume were not considered.
The objectives of the current research were to (1) characterize the mechanical properties of a structural fabric through swatch-level tests by using a combined biaxial tension and shear test fixture, 3 (2) input the resulting biaxial stress-strain behavior directly into air beam finite element models, (3) predict the bending behavior of the air beam while accounting for fluid-structure interactions (i.e., air compressibility), (4) identify the limitations of using linear elasticity and hyperelasticity to represent the fabric constitutive behavior, and (5) assess the contributions of air compressibility (as a form of PdV-work) and fabric strain energy on air beam bending behavior.
A swatch of plain-woven fabric was subjected to biaxial tests to characterize its mechanical properties. The stress-strain relations of the fabric were determined and used directly in finite element models of an air beam that was assumed to be constructed with the same fabric. The structural responses to inflation and bending events were obtained using the ABAQUS/Explicit 4 finite element solver for a range of pressures, including those considered to be typical in safe operations of air-inflated structures. The models accounted for the fluid-structure interactions between the air and the fabric. The air was treated as a compressible fluid in accordance with the Ideal Gas Law and was subjected to adiabatic constraints during bending. The fabric was represented with membrane elements. Several constitutive cases, including linear elasticity and hyperelasticity, were studied. The bending behavior for each constitutive case is presented, followed by a discussion of the use and limitations of the cases.
DESCRIPTION OF PLAIN-WOVEN FABRIC
The fabric was a dense, high-quality, uncoated, plain-woven polyester as shown in figure 1 and is commercially used in the construction of fire hoses. The warp yarns were aligned in the longitudinal direction of the fire hose and the weft yams, orthogonal to the warp yams, were aligned in the hoop direction. Specific details at the yarn and fabric levels were measured, using reverse engineering, and are reported in table 1. The crimp ratio C is defined as the waviness of the yams as obtained by equation (1):
where Lfabric is the measured length of a yarn in its fabric state and Lyar,, is the length of that same yam after it has been extracted from the fabric and straightened out. It was particularly noted that the fabric was engineered with different crimp amounts between the two yam families. The crimp content of the warp yarns was nearly five times greater than that of the weft yams. The yam density ratio YDR was defined as the number of weft (hoop) yarns per unit beam length divided by the number of warp (longitudinal) yarns per unit circumference.
FABRIC STRESS-STRAIN BEHAVIOR-EXPERIMENT
For pressurized cylindrical beams of radius r, it can readily be shown from equilibrium that the stress ratio S (defined as the ratio of hoop stress per unit beam length to the longitudinal stress per unit circumference) is 2:1, as shown in figure 2 . Therefore, to properly characterize the stress-strain behavior of the fabric about a given pressurized state, fabric samples must be tested under biaxial loading conditions that enforce S = 2. This ratio holds only for the inflated state and is not applicable to pressurized cylinders subjected to external loads.
The authors did not have access to a combined biaxial and shear test fixture capable of S = 2 loading at the time of this research; the equi-biaxial extension test fixture 3 shown in figure 3 was used. For the woven air beam models evaluated in this report, the longitudinal axis was coincident with the warp direction and the hoop axis was coincident with the weft direction (refer to figure 1 ). 
Prx., Pr
3
A swatch of the polyester fabric, of the dimensions given in figure 4 , was subjected to a series of uniaxial tension, biaxial tension, and combined biaxial tension and shear tests, as illustrated in figure 
. Plain-Woven Polyester Fabric Specimen Subjected to Multi-Axial and Shear Tests
Five experimental stress-strain curves were obtained. These curves corresponded to (1) uniaxial tension along the warp direction, (2) uniaxial tension along the weft direction, (3) biaxial tension along the warp direction, (4) biaxial tension along the weft direction, and (5) planar shear.
The biaxial curves-items 3 and 4 listed above-were obtained from a single test in which the fixture operated in an equi-biaxial extension rather than in the equi-biaxial force mode. The results of the uniaxial and biaxial tests-items I through 4 listed above-are plotted in figure 6. Because the maximum fixture load was limited, the fabric was not tested to failure. 
Figure 6. Uniaxial and Biaxial Stress-Strain Curves for Plain-Woven Polyester Fabric
The variation of S resulting from the equi-biaxial extension mode of testing is plotted in figure 7 . The result is neither controlled nor constant because the elastic moduli of the fabric were highly nonlinear with respect to extension (and strain). At the maximum equi-biaxial strain c applied during testing, S is 3.82, nearly twice the required value for properly characterizing the state of stresses in a pressurized cylinder. However, the effects of crimp interchange during the equi-biaxial extension test clearly resulted in pronounced differences between the uniaxial and biaxial curves for a given yam family. Figure 8 shows the strain-dependent elastic modulus, now referred to as the tangent modulus E,,,, along the warp direction as a function of warp stress The planar shear test was conducted in a constant equi-biaxial extension mode, and vawrp corresponded to that of a 10-psi inflation pressure-a stress of 637 psi, as shown in figure 8. The specimen was loaded to a maximum shearing angle of 10', and the resulting curve for shear stress r as a function of shear strain y is plotted in figure 9 .
The shear modulus G, along path ab in the direction of increasing y, was derived by differentiating a polynomial curve fit of figure 9. The resulting shear modulus is plotted in figure 10 . Figure 11 illustrates the three distinct regions of shear stiffness, revealed by figure 9, that resulted from kinematic interactions and scissoring deformations between yam families. 
. Kinematics of Shear Deformations in Uncoated Plain-Woven Fabrics
Referring to region I in figure 9, G was initially governed by compaction forces between the yarns at the crossover points because of the biaxial tensile stresses. As y increased, yarn slip initiated, and at y equal to approximately 0.03 in./in., G declined to practically zero. At this strain, rotations between yam families were met with no appreciable resistance. Upon further increase of y into region II, G increased as the gaps between yarn families diminished, and the onset of shear jamming occurred.
Region III is known as the shear jamming state. The onset of shear jamming, which can be determined through geometric models, 5 is related to the maximum number of weft yams that can be woven into the fabric for a given warp yarn size and spacing. The shearing behavior of this fabric was consistent with the numerical model and test results of the plain-woven fabric investigated in Cavallaro et al. 2 
AIR BEAM FINITE ELEMENT MODELS
The air beams modeled in the effort described in this report were 98 inches long, had a nominal 4.0-inch diameter, and were subjected to four-point bending as shown in figure 12 . Although a thin urethane bladder is typically used to line the inner surface of air beams to prevent air leakage through the fabric, it is considered nonstructural. Therefore, such a bladder was not included in the models described here. The models were developed with Altair's HyperWorks 6 pre-and post-processor and the ABAQUS/Explicit solver. 4 This solver was used to capture the pressure-volume behavior of the internal air, transverse shear deformations from bending, geometric nonlinearities due to large deformations, material nonlinearities (for the hyperelastic material models), localized wriinkling, and surface-to-surface contact kinematics.
The fabric was idealized as being incapable of developing bending strain energy and was discretized using membrane elements. However, strain energies associated with extension and shearing deformations were captured. The computation of the membrane element thickness was based on an analogous homogeneous cylinder with an outer diameter of 4.00 inches and a crosssectional area equivalent to the sum of the warp (axial) yam areas. The resulting thickness was 0.0 16 inch. Rigid saddles that were 4.00 inches long and 4.27 inches in inner diameter, as shown in figure 12 , were used as the load points (upper saddles) and support points (lower saddles). Full surface-to-surface contact definitions were included between the fabric and saddle elements.
,F,.ac22l The models were loaded by enforcing a lateral displacement 6loadjp, of 6.00 inches (1.5 times the diameter) at both load points. The support points were restricted from translating in all directions. All the saddles were allowed to rotate so that the lateral reaction force vectors remained normal to the air beam at all times (i.e., follower mode). A zero coefficient of friction was used at all contact surfaces so that relative slip between the air beam and saddles occurred without restriction. The distance between support point centerlines was 72.0 inches, and the distance between loading point centerlines was 37.0 inches.
To model the fluid-structure interactions of the internal air and surrounding fabric, a pressurized cavity was defined along the inside surface of the fabric material. The cavity and its enclosing surface were used to apply the internal pressure P directly to the membrane (fabric) elements and to define the volume of air contained by the cavity within the air beam. The internal air was modeled as a compressible (pneumatic) fluid that satisfied the ideal gas equation of state (EOS) as described in appendix A. This EOS assumed that compressibility of the air occurred adiabatically; that is, no heat transfer was permitted across the boundaries between the cavity and the fabric.
The external work W+, done on the air beam during a quasi-static four-point bend test was computed as the area under the total reaction force Freac, as a function of the enforced load point displacement 6 'oadjt curve. During the bending step, Wex, was equal to the change in the internal energy of the air beam AEjt. The change in internal energy consisted of the sum of the changes in the fabric strain energy AE,,,,,, the kinetic energy of the total system mass AEkieiic, the work done by compressing the air AJPdV, and the viscous dissipation energy AEdis due to damping. (Note that A refers to the change between the bending and inflation end states.) An energy balance was performed as shown in equation (2):
where AEi,, = AEs.i ++ AEki,,nef + A fPdV+AEd,.
Transverse shear deformations 7 arising from the shearing strain y, as shown in the beambending example in figure 13, will cause a reduction in air volume and lead to additional PdV-work. Although the ABAQUS/Explicit solver was formulated for dynamic problems, it can be used for static applications as well. The analyst must ensure that no modes of the structure are excited for static problems. One method is to ensure that loads are applied slowly and that AEkineic is small. However, if wrinkling or buckling events were to occur, spikes in the AEkinewic time history curve would develop and allow for easy detection of the event in time. For the effort described here, AEkineiic and AEdis were typically observed to make negligible contributions to equation (2) .
To evaluate the bending performance of the air beam, a two-step loading process was necessary. First, the cavity was pressurized to the required inflation level during a 2-second time interval. Second, 6joa,dg, = 6.0 inches was applied at the load points during a 5-second time interval.
The following section describes the implementation of material-level test results in the air beam bending models. Specifically, the warp direction stress-strain curve taken from the equi-biaxial extension test was used to formulate the linearly elastic and hyperelastic constitutive behaviors assigned to the fabric membrane elements.
ANALYSIS AND RESULTS
CASE 1-LINEAR ELASTICITY, CONSTANT MODULUS FOR ALL PRESSURES
The first case idealized the fabric material as isotropic and linearly elastic. The elastic and shear moduli were, therefore, invariant with inflation pressure. Here, the shear modulus G and elastic modulus E were related through a generalized form of Hooke's Law as
where v is Poisson's ratio. The value of E was taken as the largest tangent modulus of the warp direction biaxial stress-strain curve Ean (0.1 Mpsi), and vwas set to 0.3 to allow for material compressibility.
The time histories of pressure, internal volume, load-point reaction forces, and energy terms necessary to conduct the energy balance of equation (2) were tracked during the solution. The change in pressure AP was plotted as a function of the corresponding change in volume AV during bending. The area under this curve was integrated to obtain PdV-work.
For this linearly elastic case and the inflation pressures of interest, it was observed that AP and A V were very small during bending. The results indicated that AEirai, decreased with increasing P, while PdV-work increased with increasing P, as shown in figure 14 for the specified 61oadp,. At pressures below 30 psi, PdV-work contributed less than 10% of W,,, and AEsrai, contributing more than 90%, was the dominant term in the energy balance. However, for inflation pressures of 90 psi and greater, PdV-work dominated the energy balance, almost to the exclusion of AE,,a•i,.
The effects of AEsi,.ai, on bending behavior were negligible at these pressures. 
2 which is easily derived from a simple stress balance between the inflated and bending stress states in woven air beams. In comparison with previous air beam bending experiments, the curves in figure 15 exhibit a moderately weak dependence on P. This effect is attributed to the linearly elastic constitutive relationship of equation (3), whereby G, computed as 38,462 psi, is overly stiff in comparison with the experimental results from figure 10 that reveal a peak G of 4,600 psi, corresponding to P at 10 psi. As a result, no appreciable transverse shearing deformations develop in these models, and A V, AP and PdV-work are inconsequential to the bending behavior. These parameters are summarized for the bending step in table 2. 
CASE 2-LINEAR ELASTICITY, USE OF INSTANTANEOUS TANGENT MODULI
This case assumed that the fabric material behaved as linearly elastic in accordance with equation (3), but Et,,, used at each pressure corresponded to the instantaneous tangent modulus E't,, at the state of stress because of inflation at that pressure. In essence, case 2 allowed Ea,, and G to change with respect to the specific inflation pressure only. From the warp direction biaxial stress-strain curve, the resulting values of Owarp and E',a,, are computed for inflation pressures of 10, 15, and 20 psi (see table 3 ). A 28% increase in E',a,, is observed by increasing the inflation pressure from 10 psi to 20 psi. Case 2 was demonstrated for inflation pressures only up to 20 psi because load limitations of the biaxial test fixture prevented characterization of the biaxial warp stress-strain curve beyond 1,500 psi. Hence, E't,, could not be determined for stresses beyond this limit. In addition, the results from this case were valid for only those bending stresses that could be treated as perturbations from the inflated stress states where the tensile and compressive bending behaviors did not deviate from E',n of the inflated stress state.
The results for the work and energy terms were plotted as functions of inflation pressure in figure 16 . The values from case 2 were similar to those from case 1. Curves of Freac, versus m,,id were plotted in figure 17 for P at 10, 15, and 20 psi. For case 2, wrinkling was predicted for each pressure as shown in figure 17 . Changes in the pressure, volume, and energy terms were summarized in table 4. While further characterization of the fabric constitutive properties (notably, the shear modulus) at pressures beyond 20 psi is necessary, the influences of pressure in case 2 qualitatively followed those observed in previous bending experiments. " 2 As a result of the changes in both Estrain and PdV-work with respect to P, plain-woven air beams-in particularmust consider both terms. Plain-woven air beams typically operate at low-pressure levels (less than those for triaxial-woven or braided air beams) because of safety concerns and are, therefore, susceptible to greater transverse shear deformations.
CASE 3-HYPERELASTICITY
This case considered both geometric and material nonlinearities. Here, the full nonlinear constitutive behavior of the plain-woven polyester fabric was idealized as a hyperelastic material. The notable difference between the hyperelastic and materially linearly elastic cases was that hyperelasticity enabled the stiffness of the fabric membrane to change with stresses due to inflation pressure and bending loads.
A hyperelastic strain energy potential was pursued because the uniaxial and biaxial stressstrain curves obtained from swatch-level tests exhibited nonlinear stiffening similar to that of hyperelastic materials. Several strain energy potentials were evaluated using ABAQUS/Explicit to determine the best representation of the warp direction biaxial stress-strain curve. This stressstrain curve specifically dominated the material behavior of the air beam during bending. The reduced polynomial (N = 3) strain energy potential, 4 shown in appendix B, provided the best fit for this stress-strain curve and was stable over the entire strain range (i.e., 5%). The initial shear modulus ,uo was 507.2 psi. The results for the work and energy terms are plotted as functions of inflation pressure in figure 18 .
Curves of Frac, versus &,id are plotted in figure 19 , which clearly shows dependence of the bending behavior on P. However, wrinkling is not predicted at these pressures and Time history curves of awrp on the outermost compressive surface at the mid-span are plotted in figure 20 for the inflation and bending steps for P at 10, 15, and 20 psi. Plots of Ywa,.p and a,,,f versus warp and weft strain, respectively, are shown in figure 21 for the inflation and bending steps at the mid-span, outermost compressive surface. Stresses due to inflation are designated with dashed lines, and stresses due to bending are designated with solid lines. Note that S during inflation is approximately 2: 1, and only minimal changes in Uo-occur during bending, particularly for P at 10 and 15 psi.
The treatment of the fabric constitutive behavior as a hyperelastic material is limited to those fabrics at stress levels in which the actual fabric shear modulus can be sufficiently represented by the strain energy potential. 
DISCUSSION
The bending performance of plain-woven fabric air beams was investigated through a combined material-level test and finite element analysis approach. Using ABAQUS/Explicit, the fluid-structure interactions resulting from pressure-volume changes during inflation and four-point bending events were determined. The warp tensile stress-strain curve of the fabric was established from an equi-biaxial extension test and was used to formulate both linear elastic and hyperelastic constitutive cases for the air beam bending model.
The material-level tests confirmed that the plain-woven fabric did not behave as a continuum but rather as a discrete assemblage of fibers and yams. For the range of pressures considered, E and G were independent of each other and were based on changes in fabric architecture (crimp interchange, yam slip, rotation, etc.), YDR, and stress ratio S. Although E obtained from the biaxial warp stress-strain curve was highly nonlinear with P, it was monotonic with stress (and pressure) beyond 0.5 psi and was easily represented using a polynomial curve fit for input to the air beam models. However, G was not monotonic in y. Three distinct regions developed in the plot of r versus y and were dominated by yam rotations and shear jamming. Referring to figure 9, regions I and II were highly dependent on y; and region II was expected to produce the largest A V in the plain-woven air beam models because of transverse shearing deformations from bending. During bending, this shear-induced A V was a source of PdV-work.
The material-level biaxial test was conducted in an equi-biaxial extension mode. As a consequence, S was not controlled, but it is hypothesized that, for an uncoated, plain-woven fabric subjected to equi-biaxial extension, the value of S for which convergence in E occurs, denoted Sc, appears to be given by equation ( To properly simulate the inflated air beam stress state in a swatch specimen, a combined biaxial and shear test fixture with the capacity to regulate a 2:1 biaxial tensile stress ratio is needed. Development efforts are underway to provide this experimental capability.
Comparisons were made between the fabric strain energy Esirai, and PdV-work done on the air beam during bending. It was shown in linear elastic case 1 that Esirain dominated the bending behavior when P < 30 psi, so that AV and PdV-work were minimal. However, when P>90 psi and AV was large, PdV-work dictated bending behavior, and the material constitutive effects (Esrain) on bending behavior were minimal. Results from linear elastic case 2 obtained for pressures up to 20 psi also showed that EsIrn dominated the bending behavior. The hyperelastic case 3 results exhibited larger AV and PdV-work for the pressures of 10, 15, and 20 psi. However, Esran contributed approximately 25% to the energy balance. In general, both terms--Esirain and PdV-work -must be determined for air beams subject to bending loads because y will increase with decreasing pressure and lead to increasing values of AV.
The elastic and hyperelastic constitutive theories are of limited use if shearing deformations must be considered. These theories couple the extension and shear behaviors, which, on the contrary, were shown uncoupled through material-level tests. Consequently, the use of these theories is unlikely to capture the critical shear response (regions I and I1 in figure 9 ) and may lead to erroneous bending predictions. However, these theories may provide acceptable constitutive predictions for use in models of coated woven fabric air beams. Aside from the obvious environmental protections afforded by coatings, coatings provide additional elastic and shear stiffness by minimizing yarn slip and rotation. The added shear stiffness reduces shearing deformations, especially those developing in regions I and II. As a result, A V and PdV-work will be less in comparison to the same terms for uncoated fabric air beams. In the limiting case, the constitutive behavior of coated woven fabrics approaches that of matrix-reinforced fibrous composites.
If the fabric constitutive properties are nonlinear, the instantaneous tangent modulus, E,,,, must be used at the corresponding stress state arising from the specific inflation pressure. However, if E'a,, and G change considerably with respect to pressure and bending loads, these moduli must be numerically updated in the models to properly assess bending behavior beyond simple perturbation states. Hence, the need exists to measure A V during air beam bending tests so that sufficient model validation can be performed.
CONCLUSIONS
It is concluded that, for a specific air beam deflection, the volume change will be larger at higher inflation pressures than for lower inflation pressures because the beam is stiffer at higher pressures and will require more external force to achieve the deflection. The higher external force creates larger shear forces in the beam, and, thus, a greater shear distortion occurs. Therefore, volume changes are expectedly greater with increasing inflation pressures for a prescribed deflection.
Air compressibility (PdV-work) introduces a nonlinear stiffening effect in the bending behavior of inflatable fabric structures. As the air volume decreases due to deformations from external loads (such as transverse shear, wrinkling, and section collapse), the air pressure will increase. The air behaves as a nonlinear spring, and its impact on bending behavior is directly related to AV. If air compressibility is appreciable, a gas law must be incorporated in the bending analysis.
APPENDIX A IDEAL GAS EQUATION OF STATE (EOS)
The ideal gas equation of state (EOS)* is given as To define the limiting case, the fabric membrane elements were assumed to be fully incompressible by setting DI, D 2 , and D 3 to zero. The initial shear modulus,/Uo, was 507.2 psi. The constants Cil, CI 0 , C 20 , and C 30 are given below:
